ABSTRACT
INTRODUCTION
The reactive power compensation in distribution systems is a quite important task in power systems, since the consumed load depends directly on the voltage level. When the transmission system is analyzed, the reactive power compensation level is large, and the literature is richly documented in this aspect [1] - [3] . However, if distribution systems are the focus, other problems must be considered. Many times, the reactive power compensation is executed at the buses with the lowest voltage level. However, the literature shows that problems of voltage stability may also be directly linked to the problem of reactive power compensation. As a consequence of the system voltage profile, the problem of system loss should also be addressed. This turns the problem more complex, since reference [4] shows that the problem of loss reduction may not be associated with the problem of voltage stability.
If reactive power compensation takes into consideration some aspects of voltage stability, a few important definitions must be stated, as described next:
Voltage instability occurs when some control actions may present results opposed to expected. This problem may drive the system to voltage collapse. Moreover, voltage collapse may take several minutes, since small load variations may drive the system to this condition [5] . In this context, calculating the system load margin is an important issue. By load margin one means the load variation that the system may sustain in a stable manner. In general, the continuation method is used for this purpose. Such a method, based on a predictor and a corrector step, finds the load margin accurately and traces the bifurcation diagram as well. The term bifurcation arises because voltage collapse is associated with the identification of a saddle node. Such a bifurcation is characterized by the existence of zero real eigenvalue of the system Jacobian. Identifying this bifurcation is a key issue, since no equilibrium exists beyond this point.
The local nature of voltage collapse drives one to investigate the buses where the problem is originated. These buses are denominated critical buses. The literature shows that controlling the voltage level at these buses may improve the system operating conditions, since a larger load margin may be obtained.
Reducing the system loss also plays an important role on the operation of power systems. One of the control actions possible is the local reactive power support. The idea of reducing loss should be linked to avoiding voltage collapse problems, since voltage collapse may follow an operating condition with high system loss. However, as stressed in reference [4] , the reduction of electric loss may not be directly related to voltage collapse. Hence, if loss reduction is the issue, a pertinent set of buses must be correctly identified for reactive power compensation. In this paper, the approach proposed in [6] is employed. For each result obtained, the effects in voltage stability and system losses are addressed.
The points addressed above are easily handled in transmission systems, when a Newton-based method of load flow is applied. However, distribution systems present characteristics quite different from transmission systems. The most important refer to the data of connection lines between the buses and its radial characteristics. This may drive the Newton's method to divergence, or even making unfeasible its application. In this case, the methods described in the foregoing sentences could not work, since the sensitivity matrices are not known. This problem can be solved through a rotation in the axis of the variables of the interconnection lines, as proposed in [7] . Such a rotation is employed in this work, yielding one to calculate, for distributions systems, the load flow with the help of the ordinary Newton´s method. Using this method enables one to propose a simple and effective technique for reactive power compensation in power distribution systems. It demands no optimization program, and the results obtained are accurate.
ROTATION OF AXES
The calculation of load flow in transmission systems is very well established. In general, Newton's method is used, and satisfactory results are obtained. Even though the computational effort associated with the method is low, its performance may be accelerated if a decoupled method is employed. Such a method is based on the weak interaction between the partial derivatives of the active power with respect to voltage level and the partial derivatives of the reactive power with respect to phase angle. This is a consequence of the transmission lines characteristics, since the ratio X/R (reactance/resistance) is high.
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Paper No 0179 since the resistance is predominant. The high ratio R/X makes the uncoupled method unfeasible, and even the complete Newton method may present convergence problems. In order to overcome this problem, reference [7] proposes an interesting method based on the rotation of axes. Such a reference is only available in Portuguese, and that is the very first time this work is presented in English. The method is described as follows:
Given an impedance Z = R + jX, it can be represented in another reference. This new reference is positioned with an angle  in relation to the original reference. Calling this new number Z', it can be written:
The ratio X/R becomes:
The angle  may be chosen in order to obtain a desirable ratio X'/R '. The results presented in the literature show that an angle  about 45 o may be effective to come up with a good X'/R ' ratio. In order to keep the consistency of the network analyzed, the power values injected into the buses should also be transformed according to: ' cos sin ' sin cos
The modifications described above enable one to execute, for a distribution system, even the decoupled load flow. In this paper, the program developed allows the user, after rotating the axes, to execute the classical Newton´s or the fast decoupled method. This option is to avoid numerical shortcomings in partially-radial transmission systems, where divergence problems may arise.
CALCULATING TANGENT VECTOR
The model of load flow used in this work is represented by the set of equations:
Where  is the parameter that takes the system of an equilibrium point to another and x represents the state variables. The tangent vector shows as the state variables change with the loading of the system, and it can be obtained from the Jacobian matrix of the load flow equations. Assuming a known operation point and load increase as the parameter, the tangent vector is given by [6] :
The literature shows that this vector can provide an early identification of the critical buses of the system [13, 14] , in contrast with other techniques disseminated in the literature.
SENSITIVITY OF ELECTRIC LOSSES
The active losses of a electric system are given by:
where nl is the number of transmission lines, V ik and V jk are the voltage levels at buses (i) e (j) connected to the transmission line k, G k is the conductance of the transmission line k and  (ij)k represents the phase angle between buses i and j.
If equation (4) is derived in relation to the parameter of the system, it is obtained:
where
Equation (5) shows how the active loss varies as a function of the parameter . Notice that all the partial derivatives of equation (5) are known from the calculation of the tangent vector. Therefore, calculating equation (5) doesn't require a huge computational effort.
Assume that the right side of equation (3) is disturbed slightly through the installation of a capacitor in a generic bus "l". The new tangent vector can be obtained without the need of calculating the new operation point. If equation (5) is calculated, the variation of the system loss as a function of the parameter  will be known. If "l" represents each load bus, one by one, the calculation of the equations (3) and (5) indicates the load bus whose installation of a capacitor reduces in a more effective way the loss of the system. The load flow is only executed once, when the case base is analyzed. This is the main difference in relation to other methodologies available in the literature. For example, a sensitivity factor of the type power injection in bus k, could be used, and the very same results would be obtained. The approach proposed here is employed because the power flow Jacobian is already available and factorized, and computing equations (3) and (5) is straightforward.
VOLTAGE STABILITY ASSESSMENT
The idea proposed to assess voltage stability in this paper is based on a contingency analysis proposed in [10] . In that paper, tangent vector norm is used to filter the most severe contingencies in the system. The methodology is described next for convenience. Figure 1 shows the PV curve associated with Bus 14 from the IEEE-14 Bus System, when the generators reactive power limits are considered. Three cases are considered: 1) system with no topological changes, 2) dotted line, when the transmission line connecting Buses 6 and 13 is switched off, and 3) dashed-dotted line, when the transmission line connecting Buses 5 and 6 is removed. Figure 1 shows that third case is the most critical contingency, since the voltage collapse margin is the smallest one. The figure also shows the tangent vector norm calculated for the base case and for the post-contingency equilibrium point.
Notice that the most critical contingency (smallest load margin) is associated with the largest tangent vector norm. It is expected, as a consequence of this result, that larger the tangent vector norm, the smaller the associated load margin.
Based on the fact that the most critical cases are associated with the largest norm, the following method is proposed :
1. for each contingency, calculate the equilibrium point and its tangent vector norm; 2. sort the norms, in order to identify the most critical contingencies.
Figure 1 -Results for tangent vector norm
Based on the results above, for each operating point obtained, tangent vector norm is calculated. As smaller the norm obtained, the more stable is the new operating point.
RESULTS
The tests are executed with the help of the data file of a real radial system. Such a distribution system contains 5103 lines and 5104 buses. The load associated with the case is about 1500 kW, and the load flow calculation provides the state variables. In this system there are 3 movable capacitors: one of 800 kVAr and two of 400 kVAr. The buses with the lowest voltage level are shown in Table 1 . For this operative condition, the tangent vector norm is 13.76, and it is observed 101.98 kW of active losses and 60.50 kVAr of reactive losses.
In order to improve the system voltage profile and reduce the loss, the movable capacitors above mentioned are considered for installation. As shown in Section 6, tangent vector norm may be a good measure of voltage collapse proximity. Because of that, for each result obtained, tangent vector is calculated, and the effects in voltage collapse analysis may be explored. The groups of buses candidate for compensation are:
Critical buses under the voltage stability point of view: These buses are provided by tangent vector, and because it does not require any computational effort, they are an output of the ordinary power flow and are given by 1800, 1798, 1793, 1788, 1850.
Buses candidate to reduce the system losses: For this sake, the methodology proposed above is executed, yielding the buses 338, 334, 279, 249, 248 for reactive loss reduction and 5, 15, 47, 164, 208 for active loss reduction.
As for the results above, few points should be stressed:
1. Note the group of buses with the lowest voltage level is not the critical neither the candidate to reduce the system loss. 2. Because the groups of buses contain different buses, all of them should be considered separately. This strategy is shown next.
First, the capacitor of 800 kVAR is installed at Bus 5 (lowest voltage level), whereas Buses 4 and 3 take a compensation of 400 kVAr each. The lowest voltage level at the system is now presented in Table 2 , and the system losses are also indicated. For this case the tangent vector norm is 10.82. Note that the system presents a better condition under the voltage collapse point of view, as indicated by the less value of the tangent vector norm. The active and reactive losses are 183.99 kW and 142.95 kVAr, respectively. In the case of critical buses, the tangent vector norm is 7.36. Note that, the improvement of the voltage level improves the load margin. However, in this case, the active system loss is 152.13 kW and reactive system loss is 126.62 kVAr.
In the third case the buses indicated to reduce the system reactive losses are analyzed. Bus 338 is associated with a compensation level about 800 kVAr, whereas a compensation of 400 kVAr is assigned for Buses 334 and 279. The results are given by Table 4 .
For this operative condition the tangent vector norm is 11.19, and the active and reactive losses are 70.10 kW and 8..09 kVAr, respectively.
Finally, the buses indicated to reduce the system active loss are the target. Bus 5 is associated with a compensation level about 800 kVAr, whereas a compensation of 400 kVAr is assigned for Buses 15 and 47. The tangent vector norm is 10.99, and the results are shown in Table 5 . For this case the active loss is 17.91 Kw and reactive loss is 18.65 kVAr. 
CONCLUSIONS
This paper proposes a methodology for reactive power compensation in distribution systems. Three groups of buses are presented. The first includes the critical buses under the point of view of voltage stability, and the other ones are concerned with the reduction of active and reactive losses.
The results obtained assist the operator in the decisionmaking process. The arguments presented in the paper show that all groups of buses should be considered for analysis, so that all possibilities for compensation be evaluated. Special attention should be paid to the objective of the study. The obtained results indicate that compensating at the critical buses does not reduce the system losses at most, but provides a better voltage collapse condition, as indicated by tangent vector norm.
